Chloride-binding in organic-water mixtures: the powerful synergy of C-H donor groups within a bowl-shaped cavity † For the first time, the tetrafluorobenzyl unit has been considered as a C-HÁ Á Áanion binding motif. In synergy with imidazolium groups within a bowl-shaped receptor, it has allowed for the effective binding of chloride in solution. Remarkable affinity was observed in organicwater mixtures.
In the field of anion recognition, 1 the relevance of C-HÁ Á Áanion interactions 2, 3 in the stabilization of receptor:anion complexes has been recognized only recently. This encouraged researchers to investigate in depth the nature of this type of interaction and to develop new CH hydrogen bonding motifs. 4 The potentialities of both neutral and cationic C-H groups as H-bond donors mainly depend on the proton's acidity, which in turn relies on the substituents' capability of stabilizing the corresponding conjugated anion. Aryl protons are known to be more acidic than the alkyl ones. 5 When attached to electronwithdrawing substituents, the H-bond donor tendencies of C-H groups may become comparable to those of traditional H-donors (e.g. NH and OH). 6 The literature shows many cases of neutral receptors in which a substantial contribution to the anion binding energetics is given by C-H bonds. 4 Among cationic C-H donors, the imidazolium group is particularly noteworthy. Its interaction with anions involves the formation of (C-H) + Á Á ÁX À hydrogen bonds, characterized by a strong electrostatic contribution, due to the marked positive partial charge located between the nitrogen atoms. 7 In the literature, high anion affinity in competing media has been achieved by arranging a number of positively charged imidazolium groups around well-defined cavities (e.g. in macrocyclic or cage-like systems). 4, 7 However, effective binding in organic-water mixtures has been seldom obtained with imidazolium-based open-chain receptors. The goals of this work are to (i) advance the understanding of C-HÁ Á Áanion interactions; (ii) evaluate the potentialities of a new CH donor; (iii) obtain high recognition in aqueous solution with an open-chain receptor. To achieve these goals, imidazolium and 2,3,4,5-tetrafluorobenzyl groups were chosen as CH bonding units. As far as the authors know, the tetrafluorobenzyl moiety had never been explored as a CH donor in anion recognition before. This is quite surprising, considering the pK per hydrogen of 1,2,3,4-tetrafluorobenzene compared to benzene 8 As expected from the formation of H-bonding interactions with the anion, most protons belonging to the upper-rim of the receptor's cavity undergo a down-field shift upon chloride addition. Protons H-3, in particular, are strongly de-shielded, due to the participation of the imidazolium (C-H) + groups in the binding (Dd = +1.6 ppm, see the profile in Fig. S1 , ESI †). A significant down-field shift was also observed for the multiplet ‡ signal of H-6 (Dd = +0.38 ppm, see Table 1 ). This result confirms that the protons of the tetrafluorobenzyl rings are involved in the interaction. F-NMR titration in pure acetonitrile (see the family of spectra in Fig. 1b) . Notably, upon the addition of TBACl to the receptor, all the fluorine signals underwent an up-field shift, due to the shielding effect exerted by chloride. In fact, anion inclusion induces the polarization of the C-H groups involved in the binding, with a consequent increase of the electron density felt by the fluorine atoms. The shift of the PF 6 À signal, on the other hand, may be attributed to the displacement of the counterion from the receptor's cavity upon chloride inclusion. The plateau is reached at 1 eq. of the added anion (see Fig. S1 -S3, ESI †). Interestingly, among the aromatic fluorine atoms, the strongest up-field shifts are observed with F-3 and F-2 (Dd = À0.78 and À0.49 ppm, respectively, at 4.5 eq. TBACl), even if they are the farthest away from the bound chloride (see the structure). In an aromatic moiety, the contribution to the chemical shift of fluorine residues is mostly due to the mesomeric effect exerted in the ortho and para positions. It is worth noting that F-3 and F-2, being in para to the residues involved in the interaction with chloride, are strongly affected by the increase in electronic density on carbons 5 and 6, consequent to the polarisation of the C-H bonds in the adduct. NMR titration experiments with TBACl were also performed in more competing media, i.e. in CD 3 CN/d 6 -DMSO 9 : 1 and CD 3 CN/D 2 O 4 : 1 (v/v) mixtures (see spectra in Fig. S4 -S11, ESI †). In CD 3 CN/d 6 -DMSO 9 : 1, the affinity of 1 3+ towards chloride is still very high (Z6 log units) as shown by the steep curvature of the profile in Fig. 2 [blue symbols: Dd(H-3) vs. eq. of TBACl]. As in pure acetonitrile, chloride binding mostly involves the protons of the cavity's upper-rim (see Table 1 ). In the same medium, the 1 H-NMR titration of 2 3+ with TBACl gave a binding constant of 5.11(7) log units (see Fig. S5 -S7, ESI †). The lower chloride affinity of 2 3+ compared to 1 3+ confirms, for the latter, the contribution of the tetrafluorobenzyl units to the anion binding. In the case of 2 3+ , the interaction with chloride mainly involves the imidazolium protons H-3 (Dd = +1.16, see Table 1 ). , the chloride induced shifts were significantly smaller. The corresponding binding constant was found to be 2.17 (4) (Fig. 4) and [1(Br) These results somehow confirm what is observed in solution, i.e. the cage arranges the peripheral groups in a way to point the H-5 and H-6 protons towards the anion, allowing the participation of both C sp 3-H and C sp 2-H bonds in the binding.
Both 1 3+ /Cl À and 2 3+ /Cl À complexes have been modelled in the gas phase through optimization at the B3LYP/6-311+G(2df,p) and 6-311+G(d,p) 11 levels for chloride and the other atoms, respectively (Gaussian09 program package). 12 Charge distribution and electrostatic molecular surface (MEP) have also been determined. According to our calculations, the most stable conformations of the complexes have a C 3 symmetry, with the axis passing through the mesitylene's centroid and the included anion (Fig. S17 , ESI †). The three arms look like a three-bladed propeller with the benzyl groups, corresponding to the blades, organized either in a clockwise or in a counter-clockwise arrangement. In the case of 1
3+
/Cl À , the fluorine substituents strengthen the interaction between the H-6 protons and chloride. A much more closed structure is obtained compared to 2 (Table S3 , ESI †), the (Table S3 , ESI †).
In conclusion, (i) the 2,3,4,5-tetrafluorobenzyl moiety was proved to be an effective CH bond donor; (ii) due to the cooperation of neutral and cationic CH donor groups, a significant increase in the chloride binding constant was obtained; (iii) compared to other tripodal imidazolium-based systems reported in the literature (e.g. the nitro-system reported in 2002 by Kim et al.), Notes and references ‡ The H-6 signal is a multiplet due to coupling with the fluorine nuclei in the ortho and meta positions.
